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Abstract. An original design of magnetic guide is presented, suitable for use with Zeeman-decelerated
supersonic beams of ground-state hydrogen atoms and other light paramagnetic species. Three-dimensional
particle trajectory simulations show that, by combining a series of permanent-magnet Halbach arrays with
pulsed high-current wire electromagnets, this guide can be used to eﬃciently transmit the slow, decelerated
atoms and discard the faster, undecelerated atoms and other species in the gas beam. The curved guide
would be suitable for guiding hydrogen atoms into an ion trap to investigate low temperature ion-molecule
collisions. It is also shown that the device could be used for the guiding or velocity selection from an
undecelerated supersonic or eﬀusive beam.
1 Introduction
The study of cold and ultracold collisions paves the way
towards the understanding of chemical reaction dynamics
in a still vastly unexplored temperature regime. At sub-
Kelvin temperatures, where the de Broglie wavelength be-
comes comparable to or larger than the range of the inter-
particle interactions, the chemical reactivity is dominated
by non-classical eﬀects such as tunnelling, non-classical
reﬂections and resonances [1,2]. Recently, quantum eﬀects
in chemical reactions have also been observed experimen-
tally [3–6]. Since only very few quantum states are in-
volved in a low-temperature collision, thermal averaging
is avoided, which allows for an accurate interpretation of
experimental data and – through the possibility to cal-
culate improved potential energy surfaces – will also lead
to a better understanding of collision processes at higher
temperatures.
The possibility to manipulate and control supersonic
beams using external ﬁelds has enabled the study of elas-
tic, inelastic and reactive collisions in crossed and merged-
beam conﬁgurations at a previously unattained level of ac-
curacy and/or in temperature regimes that can typically
not be reached with established methods [7,8]. In addi-
tion to that, supersonic beam decelerators or other slow-
ing techniques make it possible to perform crossed-beam
scattering studies as a function of collision energy using a
ﬁxed experimental geometry. The study of chemical reac-
tions involving open-shell (free-radical) systems, e.g. using
a Zeeman decelerator, is interesting in particular, because
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very little is known about these reactions at low collision
energies. Our own interest is in studying the collisions of
radicals with molecular ions for which there is a vast gap
in knowledge about reaction rates and their temperature
dependence in the low-temperature regime [9].
Zeeman deceleration is an experimental technique re-
lying on the fast switching of magnetic ﬁelds within an
array of solenoid coils in order to manipulate the trans-
lational motion of atomic and molecular systems with a
permanent magnetic dipole moment. It can be used to pro-
duce mK-cold, velocity-tunable supersonic beams of par-
ticles in speciﬁc internal quantum states. To study cold
ion-radical processes as a function of collision energy, the
Zeeman decelerator could be combined with a radiofre-
quency ion trap, which provides a suitable “reaction ves-
sel” in which laser-cooled Coulomb-crystallised ions can be
stored for several hours at a time. To determine chemical
reaction rates between the Zeeman-decelerated atoms or
molecules and the trapped ions as a function of collision
energy, it would be necessary to ﬁlter out the precursor
molecules, carrier gas atoms and all other particles that
are outside the phase-space volume accepted by the de-
celerator. For example, in experiments with ground-state
H atoms, NH3 precursor molecules, NH2 molecules pro-
duced during photolysis, undecelerated and partially de-
celerated/accelerated H atoms as well as carrier gas atoms
can be transmitted through the Zeeman decelerator and
can potentially corrupt or compromise accurate reaction
rate measurements.
For a suﬃciently long Zeeman decelerator, where the
ﬂight times of the decelerated and undecelerated beams
are diﬀerent by at least 500 μs, a fast-opening mechan-
ical shutter [10,11] or a mechanical chopper wheel [12]
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Fig. 1. Schematic representation of a combined Zeeman
decelerator-ion trap experiment including a bent magnetic
guide; not to scale. A mu-metal cup may be required to shield
the trapped ions from stray magnetic ﬁelds (indicated aperture
between ion trap and guide).
may be used to isolate the decelerated particles from the
undecelerated part of the beam. If the diﬀerent velocity
components are not well-separated after deceleration, as
in the case of a short 12-stage Zeeman decelerator for H
atoms [13,14], a bent magnetic guide represents another
possible way forward. It would both block the precursor
and carrier gas particles and act as a low-pass velocity
ﬁlter for the decelerated particles. A possible setup for a
combined Zeeman decelerator-ion trap experiment is illus-
trated in Figure 1.
An expression for the maximum guidable beam veloc-
ity in a curved guide, vz,m, can be obtained by setting the








where R is the bend radius and dB(r)/dr is the magnetic
ﬁeld gradient in the transverse direction. Equation (1)
shows that, for a given atom or molecule with a magnetic-
moment-to-mass ratio μ/m, the maximum guidable ve-
locity can be varied by either changing the bend radius
or the transverse magnetic ﬁeld gradient. The ﬁrst option
is not practical for a decelerator-ion-trap arrangement, as
it would require a gradual change in the ion trap posi-
tion and laser alignment to ensure that the guided beam
is aimed at the centre of the ion trap (Fig. 1). A magnetic
guide made from current-carrying wires does allow for a
change in the transverse magnetic ﬁeld gradient, but this
change is too small to enable the manipulation of beams
in the supersonic ﬂow regime unless very high currents
are used. On the other hand, permanent magnets, e.g. in
a hexapole conﬁguration, provide large magnetic ﬁeld gra-
dients but the magnetic ﬁeld is not tunable.
There have been various approaches to achieve mag-
netic guiding, either using wire geometries [4,15–20] or
permanent-magnet assemblies [21–26]. However, these
designs did not aim at a variation of the maximum
guidable velocity which is required for the use of
Zeeman-decelerated supersonic beams (typical velocities
between 100–500 m/s in the case of H atoms [13,14]) in
collision-energy-dependent reaction studies in ion traps.
Recently, we were involved in a proposal for a syn-
chrotron for H atoms based on hybrid magnetic lenses
made of both permanent magnets and current-carrying
wires in order to study cold collisions between stored H
atoms and supersonic molecular beams [27]. In the fol-
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Fig. 2. (a) Schematic drawing of a Halbach array in hexapole
conﬁguration. (b) Photograph of a mounted Halbach array
built for magnetic guiding and to study particle focusing into a
Zeeman decelerator. The dimensions of the Halbach array and
its aluminium housing are matched to the size of the deceler-
ation coils and the coil blocks in our Zeeman decelerator [14],
respectively.
guide which allows for both high magnetic ﬁeld strengths
and magnetic ﬁeld tunability, such that an eﬃcient mag-
netic guiding of H atoms from zero up to the velocity of the
initial supersonic beam (≈500 m/s) can be achieved. The
guide will act as a strong ﬁlter for carrier and precursor
gas atoms and H atoms at other, unwanted velocities. As
a magnetic counterpart to an electrostatic velocity ﬁlter,
such a guide can also provide an access route to produc-
ing slow beams of paramagnetic atoms and molecules from
supersonic or eﬀusive beam sources.
2 Magnetic ﬁeld of a hexapole in Halbach
conﬁguration
Hexapole magnets have been used in atomic physics since
the 1950s. The ﬁrst designs were based on six conduct-
ing wires with currents in alternating directions [28,29]
or electromagnets with iron pole tips [30,31]. In the
1980s, multi-segment, permanent magnet multipole de-
signs were developed to reduce chromatic aberrations af-
fecting the experimental performance of a standard mul-
tipole magnet [32,33]. Magnetic hexapole focusing with
these so-called Halbach arrays has been used in vari-
ous experiments [34–41], and recently, even a magnetic
deﬂector based on a Halbach conﬁguration has been
demonstrated [42].
The number of segments in a Halbach array is given by
S = m (2n), where n denotes the multipole order and m ∈
N>0 [32]. For our hexapole setup (n = 3), we chose m = 2
yielding a total number of S = 12 segments. Figure 2
shows a schematic representation of such a Halbach array
in hexapole conﬁguration and a photograph of an array
that has been built by Arnold Magnetic Technologies for
our use.
The magnetic ﬁeld of the Halbach array was mod-
elled using the Radia 4.29 program [43–45] which allows
for three-dimensional magnetostatics simulations, so that
it was possible to estimate the inﬂuence of fringe ﬁelds
at the end of the multipole magnets as compared to the
two-dimensional, analytical treatment by Halbach [32,33].
The output was ﬁtted to the multipole expansion of the
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magnetic ﬁeld to allow for an easier implementation in the
particle trajectory simulation program (Sect. 4).
In cylindrical coordinates, the multipole expansion of
the magnetic ﬁeld can be expressed as [46]
Bφ(r, φ) = B0
∞∑
n=1






Br(r, φ) = B0
∞∑
n=1







where B0 is the remanence, ri is the inner radius of the
multipole, bn are the “normal” multipole coeﬃcients and
an are the “skew” coeﬃcients. Owing to symmetry prop-
erties, the skew components in equations (2) and (3) van-
ish. Higher harmonics, n′, are given by n′ = n+νS, where
ν ∈ N>0 [32]. In our case, it is suﬃcient to consider n = 3
and the ﬁrst higher multipole term (ν = 1), and thus for
S = 12, we use n′ = 15.
The results from Radia simulations (see below) sug-
gest a signiﬁcant contribution from edge eﬀects requir-
ing the introduction of an axial magnetic ﬁeld component
Bz and a scaling factor A(z). Following the reasoning by
Ackermann and Weiland [47], the magnetic-ﬁeld compo-
nents can be written as follows:






























The normal multipole coeﬃcients, b3 and b15, are found by
ﬁtting to the Radia simulation output in the centre of the
hexapole (setting A(z) = 1). For our chosen conﬁguration
with B0 = 0.7 T, ri = 3 mm, ro = 6 mm and lh = 7.1 mm,
we obtain b3 = 0.86 and b15 = −0.11.
The scaling factor A(z) is obtained by ﬁtting to a









2− 1)) is a “speciﬁc” length and d is
the full width at half maximum (FWHM) of the axial ﬁeld
distribution. The ﬁt returned a value of d = 2.88 mm.
Figure 3 illustrates that the output of the Radia simu-
lations is in good agreement with the ﬁt to equations (4),
(5) and (7), thus justifying the use of a multipole expan-
sion. The results obtained in the centre of the Halbach
array are also consistent with the two-dimensional, ana-
lytical solution by Halbach [32] and with ﬁnite-element
calculations (FEMM 4.2 [49], not shown) which provided














Fig. 3. Transverse magnetic ﬁeld in the centre of a Halbach
array (at all angles φ). The output from Radia calculations
is given by black dots. Results from a ﬁt to the multipole
expansion are represented by red dots. Residuals of the ﬁt
(in red colour) are vertically oﬀset for clarity. The data are
in close agreement with the two-dimensional, analytical solu-
tion to a Halbach array (green colour) [32] and they are well-
approximated by a quadratic dependency to aHr
2 (blue line;
yielding aH = 0.07 T/mm
2), where aH/2 is the magnetic ﬁeld
curvature.
3 Hybrid magnetic guide
In this paper, we present simulation results for a compact,
bent hybrid guide (R = 180 mm) which is based on the
superposition of a magnetic hexapole ﬁeld from a Halbach
array and a second magnetic ﬁeld shape generated using
current-carrying wires. Two wire conﬁgurations are con-
sidered here: (a) a hexapole design tailored to match the
shape of the Halbach hexapole ﬁeld (‘two-hexapole conﬁg-
uration’) and (b) a conﬁguration with two wire locations
on opposite sides of the Halbach magnet (‘deﬂection con-
ﬁguration’). The guide itself consists of six Halbach arrays
(speciﬁcations as in Sect. 2) and 6 × 4 or 2 × 4 wires in
the two-hexapole and deﬂection conﬁguration; the geom-
etry of the guide is illustrated in Figure 6b. The chosen
geometry meets the requirements for the eﬃcient, velocity-
tunable magnetic guiding of H atoms in low-ﬁeld-seeking
quantum states after Zeeman deceleration.
The magnetic ﬁeld of the Halbach array is calculated
using equations (4)–(6) and the magnetic ﬁeld of each wire
is approximated with the analytical solution of the Biot-
Savart law for a long straight current-carrying wire. In
Cartesian coordinates, the magnetic ﬁeld vector, B, out-
















where μ0 is the permeability of free space, I is the current
through the wire and Rw is the distance to the centre
of the wire. By adding the magnetic ﬁeld components of
diﬀerent wires, which are mutually oﬀset in the xy plane,
various wire conﬁgurations can be attained. Sets of four
wires are chosen to match the dimensions of a Halbach
array segment, and a wire diameter dwire = 450 μm was
used.
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Fig. 4. Two-hexapole conﬁguration: density plot of the mag-
netic ﬁeld magnitude B (in T) in the centre of a hybrid guide
element and ﬂux lines at diﬀerent currents through the wires.
The edges of the permanent magnet segments are indicated in
red colour. Wires (pointing into the plane) are shown as ﬁlled
white circles. Red (blue) dots indicate that the current is di-
rected towards (out of) the plane of projection. The current is
assigned with a positive (negative) value if the superposition
with the Halbach magnetic ﬁeld results in an increase (de-
crease) of the transverse magnetic ﬁeld. (a) I = 0 A, Halbach
array only, (b) I = 500 A, no Halbach array, (c) I = −330 A,
(d) I = 500 A.
3.1 Two-hexapole conﬁguration
In the two-hexapole conﬁguration (Fig. 4), six sets of four
wires are arranged inside the Halbach array and operated
at the same current but in alternating current directions.
In this way, the wires generate a magnetic hexapole ﬁeld
whose extent matches with that of the Halbach magnets.
Depending on the current direction, the application of a
current then leads to an overall increase or decrease of the
transverse magnetic ﬁeld, and thereby changes the mag-
netic ﬁeld gradient dB(r)/dr. In Figure 4, this increase
(decrease) is illustrated at currents of 500 A (–330 A).
For I = −330 A, the opposing hexapole ﬁelds nearly cause
a complete cancellation of the magnetic ﬁeld magnitude
in the transverse direction. Figure 5 shows that the re-
sulting transverse magnetic ﬁeld is well approximated by
a quadratic dependency on the transverse position, i.e.,
B(r) = aHr2. The parameter aH, a measure of the mag-
netic ﬁeld curvature, changes linearly with the current ap-
plied to the wires (see inset).
Since the transverse magnetic ﬁeld gradient for a mag-
netic hexapole depends on the oﬀ-axis particle position,
i.e., dB(r)/dr = 2aHr, it is diﬃcult to assess the maxi-
mum guidable velocity for such a guide using equation (1).
An upper estimate of vz,m can be obtained by setting
r = ri−dwire. The lower and upper limits for aH correlate
with wire currents of –330 A and 500 A suggesting that
Fig. 5. Change of the transverse magnetic ﬁeld inside a hybrid
guide element (at all angles φ) as a function of current, I ,
applied to the wires (two-hexapole conﬁguration). Results from
the analytical solution are shown in black colour; quadratic ﬁts
to B(r) = aHr
2 are indicated in red colour. The ﬁtted aH values



























Fig. 6. (a) Density plot of the magnetic ﬁeld magnitude B (in
T) in the centre of a hybrid guide element for the deﬂection
conﬁguration including ﬂux lines (I = −400 A.). The notation
of the wires is the same as in Figure 4. (b) Cross-section view
of B inside a bent guide (at y = 0, R = 180 mm, to scale) with
six guide sections using the conﬁguration in (a). The position
of the Halbach blocks is indicated to illustrate the physical
arrangement. To achieve deﬂection in the opposite direction,
the current direction through the wires is reversed.
the maximum guidable velocity for ground-state H atoms
can be tuned between zero and roughly 900 m/s. Three-
dimensional particle trajectory simulations (Sect. 4) im-
ply that this guess overestimates the true guidability for
H atoms at diﬀerent velocities.
3.2 Deﬂection conﬁguration
In the deﬂection conﬁguration (see Fig. 6), two series of
four wires – carrying the same current in the same direc-
tion – are placed on opposite sides of the Halbach array.
This leads to an increase of the magnetic ﬁeld strength B
on the side of the Halbach magnets, where the ﬂux lines
of the Halbach magnets and the wires point in the same
direction, while it causes a decrease in B on the other side.
Depending on the current direction, a magnetic deﬂection
ﬁeld in the +x (Fig. 6) or −x direction is created which
either increases or counteracts the centrifugal force on the
particles inside a bent guide.
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4 Numerical particle trajectory simulations
To simulate the guiding properties, three-dimensional
numerical particle trajectory simulations were carried
out [14]. To allow for variations of the guide structure
(number of segments, bend radius etc.), the magnetic ﬁeld
components for the wires and the Halbach array are gen-
erated by rotation about the y-axis at the beginning of
each simulation and stored as grid points. The inﬂuence
of the exiting wires on the shape of the magnetic ﬁeld was
not considered. As the bend radius is large (R = 180 mm),
it is assumed that equation (8) is still a valid approxima-
tion for the magnetic vector ﬁeld of the wires. The mag-
netic ﬁeld is expressed in Cartesian coordinates requiring
trilinear interpolation [50] for the evaluation of the ﬁeld
components and partial derivatives.
The program can propagate the positions and veloc-
ities of 100 000 particles (in each Zeeman substate of
ground-state atomic hydrogen) at a time through the
guide, and it can also use existing trajectory data as in-
put from a Zeeman-decelerator trajectory code. At each
time step, particles are removed from the simulation if
they have reached the walls of the guide (inner diameter
of 5.1 mm), given by the convex hull of points that mark
the guide elements.
5 Guiding eﬃciency
5.1 Continuous operation of the wire currents
To study the guiding eﬃciency of H atoms under con-
tinuous application of a current to the wires, trajectory
simulations were run at diﬀerent currents for ﬁxed initial
longitudinal velocities vz (Tz = 0). A set starting position
in front of the guide (z0 = −2 mm for all particles) and a
transverse temperature of 10 mK centred around vr = 0
are used (cf. [14]). A uniform transverse spread over the
inner diameter of a guide element is assumed.
From the simulation results, the transmission of H
atoms in the two low-ﬁeld-seeking quantum states is ob-
tained and shown in Figure 7 as a function of initial
longitudinal velocity and wire current for both the two-
hexapole conﬁguration and the deﬂection conﬁguration.
The number of transmitted particles without a magnetic
moment (<3%) and H atoms in high-ﬁeld-seeking states
(<8%) is negligible over the whole parameter range stud-
ied (not shown).
Figure 7 conﬁrms that the maximum guidable velocity
increases as the current through the wires is increased. The
trends are similar for both wire conﬁgurations, with an
advantage of the deﬂection conﬁguration in terms of max-
imum transmission at diﬀerent velocities. In both cases, at
a given current, there is a gradual increase in guidability as
a function of initial vz which is due to the transverse dis-
tribution of positions and velocities inside the guide. For
example, at a current of 200 A in the deﬂection conﬁgura-
tion, the transmission is about 90% for low-ﬁeld-seeking
particles with vz = 250 m/s and 50% for particles with



























Fig. 7. Density plot showing the transmission of H atoms in
the two low-ﬁeld-seeking quantum states as a function of ini-
tial longitudinal velocity, vz and current applied to the wires,
I . The guidability is given on a scale from 0 (no transmission)
to 1 (all particles transmitted). (a) Two-hexapole conﬁgura-
tion; (b) deﬂection conﬁguration. The red dashed line denotes
the current I1 that is used for the simulation of the guiding
eﬃciency in pulsed mode (see Sect. 5.2).
a velocity of 600 m/s. This implies that a clear separa-
tion of similar particle velocities is diﬃcult to achieve in
a continuous mode of operation, and eﬀorts to guide only
the low-velocity tail would almost certainly result in a low
particle transmission eﬃciency. A similar behaviour is ex-
pected for a guide setup in which the guided velocities are
adjusted through a change in bend radius.
5.2 Pulsed operation
As can be seen from Figure 7b, magnetic guiding at –400 A
in the deﬂection conﬁguration is ineﬃcient for all but very
low particle velocities (<200 m/s). On the other hand,
the transmission through the guide is predicted to be as
high as 80% above 0 A, and the initial longitudinal ve-
locity with the highest eﬃciency transmission gradually
increases towards higher currents. Since the decelerated
packet of H atoms is temporally oﬀset from the other par-
ticles in the supersonic beam, operation of the guide in
switched mode at two currents, I1 and I2, may signiﬁ-
cantly improve the velocity selection of the guide.
For this scheme, the guide is switched to a current
I1, i.e., I1 = −330 A for the two-hexapole conﬁguration
and I1 = −400 A for the deﬂection conﬁguration, at time
t1. Here, t1 is deﬁned as the arrival time of the ﬁrst H
atoms from the supersonic beam. The duration of current
pulse 1, ΔtI1 , is scanned to ﬁnd the optimum settings be-
tween eﬃcient guidability for the decelerated particles and
low transmission for particles at other velocities. The cur-
rent is then switched to I2, which is the lowest current
required to achieve a high transmission of the decelerated
beam. In this way, higher velocities are guided less eﬃ-
ciently and ohmic heating of the wires is minimised. The
duration of the second current pulse, ΔtI2 , is determined
by the time-of-ﬂight of the decelerated particles through
the guide. Owing to the low inductance of the short wires
(≈60 mm), switching between the two currents should be
almost instantaneous.
Operation of the guide in pulsed mode was simulated
for a Zeeman-decelerated supersonic beam of H atoms











Fig. 8. Density plot showing the relative transmission of
Zeeman decelerated and guided H atom velocities |v| (low-ﬁeld-
seeking states only), using a deceleration pulse sequence to pro-
duce a beam at 240 m/s, as a function of pulse duration ΔtI1 in
the deﬂection conﬁguration; arbitrary scaling. The red dashed
line highlights the velocity distribution at ΔtI1 = 500 μs used
to determine the results in Figure 9.
whose properties were closely matched to experimental
conditions [14]. The entrance of the guide was set at 2 mm
behind the detection laser position used in experiments
(about 40 mm behind the last deceleration coil). A decel-
eration pulse sequence was chosen such that the H atom
beam velocity was decreased from 500 m/s to 240 m/s us-
ing 11 deceleration coils at 243 A (coil 6 used as a bias
coil at –30 A, κ0 = 0). Figure 9c illustrates that there is
good agreement between the experimental (vertically oﬀ-
set) and simulated time-of-ﬂight traces for Zeeman decel-
eration. Note that, in the experimental data, all H atoms
in both low- and high-ﬁeld-seeking states (covered by the
detection laser volume) are displayed. In contrast to that,
low- and high-ﬁeld-seekers (all particles in the xy detec-
tion plane) are shown separately in the simulated traces.
The simulation results for guiding in the deﬂection con-
ﬁguration are shown in Figure 8 using I1 = −400 A and
I2 = 150 A; t1 = 300 μs after H atom production. Similar
characteristics are observed for the two-hexapole conﬁg-
uration, but – as expected from Figure 7 – the guiding
eﬃciency for the decelerated beam is lower.
Figure 8 shows a density plot of the transmission eﬃ-
ciency for the guided H atom velocities (low-ﬁeld-seeking
states only) as a function of the pulse duration ΔtI1 . Here,
ΔtI1 = 0 μs corresponds to the case where I2 = 150 A
at all times. The overall transmission through the guide
decreases the longer the pulse duration ΔtI1 , which is ex-
pected at this current. Even for ΔtI1 = 0 μs, the guid-
ing eﬃciency for particle velocities above 400 m/s is low.
However, under these conditions, not only the decelerated
bunch of particles at 240 m/s, but also a packet moving at
a velocity of 350 m/s is transmitted (50% of the intensity).
By increasing ΔtI1 to 500 μs, the guidability for this sec-
ond packet is widely reduced, while the decelerated beam
at a velocity of 240 m/s is still guided at high eﬃciency
(≈70%).
In Figures 9a and 9b, the initial velocity distribu-
tion after Zeeman deceleration and the velocity distri-
bution after subsequent guiding are compared. The ex-
cellent discrimination against high velocities and eﬃcient











































Fig. 9. (a) Simulated velocity distribution of H atoms after
Zeeman deceleration and (b) after magnetic guiding in the de-
ﬂection conﬁguration (ΔtI1 = 450 μs, ΔtI2 = 250 μs) following
Zeeman deceleration; same scaling as in Figure 8. In the legend,
‘lfs’ (‘hfs’) denotes particles in low (high)-ﬁeld-seeking quan-
tum states and ‘gas pulse’ stands for particles whose motion is
not inﬂuenced by a magnetic ﬁeld. (c) and (d) Time-of-ﬂight
proﬁles for the same output data as in (a) and (b). Experimen-
tal traces (all particles within the detection laser volume, see
text for details) are vertically oﬀset for clarity. In the (black)
















Fig. 10. Density plot of the simulated transverse particle dis-
tribution of H atoms (at the guide exit; low-ﬁeld-seeking states
only) after Zeeman deceleration and magnetic guiding. The
distribution is normalised and shown in the frame of reference
following the bend of the guide. Same settings as in Figure 9.
ure. Furthermore, none of the carrier gas particles would
be transmitted, and the guiding of particles in high-ﬁeld-
seeking states is several orders of magnitude smaller than
for the decelerated particles.
Due to the compact design of the guide, the ﬂight
time of the decelerated H atoms through the guide still
remains relatively short (here, 250 μs). Nevertheless, as
shown in Figure 9d, the peak intensity of the time-of-ﬂight
signal decreases by about a factor of three owing to the
lack of focusing along the beam axis inside the guide. For
the study of cold-ion molecule reactions, the longitudi-
nal beam spread is not an issue, because only the overall
ﬂux of decelerated particles through the ion trap matters.
For other applications, a combination of the guide with a
bunching scheme may be beneﬁcial.
Figure 10 shows that the transverse distribution of the
exiting, slow H atom beam (low-ﬁeld-seeking states only)
is centred along the axis of the magnetic guide, with a
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half-width of about 0.5 mm in either direction. Hence, in
this case, the transverse extent of the guided beam is very
well matched to the size of a typical Coulomb crystal in an
ion trap (∼few hundred μm). The use of several magnetic
hexapoles as guiding elements renders the thin-lens ap-
proximation invalid, such that there is no well-deﬁned fo-
cal point behind the guide. Owing to the strong transverse
forces inside the guide, the exiting beam will rapidly di-
verge in the transverse direction. This eﬀect will be most
prominent at very low particle velocities and provisions
must be made to minimise the spreading, e.g. through
further transverse focusing and/or by placing the ion trap
as close to the guide exit as possible. Likewise, the trans-
verse beam spread will be smallest if the guide is directly
attached to the Zeeman decelerator.
Further work is required to assess the transverse distri-
bution of the guided particles for diﬀerent ﬁnal velocities
after Zeeman deceleration, since the position of the exit-
ing particles depends strongly on the switching times for
the guide, the applied current and the longitudinal beam
velocity. Owing to the higher centrifugal force, faster parti-
cles are horizontally oﬀset with respect to the slower ones,
and it is not clear whether this eﬀect can be compen-
sated for solely by changing the applied guiding current.
If there is a signiﬁcant transverse oﬀset, other means need
to be found to match the guided beam to the position
of the Coulomb crystal, e.g. via mechanical alignment or
through a re-direction of the beam. With regard to an
optimisation of the guiding scheme, it would also be in-
teresting to look at diﬀerent relative transverse positions
(in the x direction) between the Zeeman decelerator and
the magnetic guide, as this will inﬂuence particle trans-
mission. Even though the length of the guide is very short
compared to the bend radius, other transverse dynamics,
similar to those observed in molecular synchrotrons [51],
may also have to be taken into account.
6 Other applications
The proposed guide conﬁgurations could also be used for
the magnetic velocity selection of eﬀusive or supersonic
beams, similar to bent magnetic guides developed previ-
ously [21,24,25]. Such a bent guide would form the mag-
netic counterpart to the electric velocity ﬁlter developed
by the Rempe group [52], i.e., it would reject all but the
slowest paramagnetic particles from a given velocity distri-
bution. In Figure 11 the result of a simulation is shown for
a 500 m/s supersonic beam, directed into the guide behind
a 2 mm diameter skimmer. The guide is operated at cur-
rents ranging from –400 A to 700 A, using either the two-
hexapole or the deﬂection conﬁguration. Here, the guide
is used in a continuous mode, but in experiments, puls-
ing for the time-of-ﬂight of a supersonic beam (≈200 μs)
would be suﬃcient.
Figure 11 shows that this scheme can indeed be used
to selectively guide particles from the low-velocity tail of
the initial particle velocity distribution. At zero current
through the wires, the simulation predicts that the max-






























Fig. 11. (a) Simulated velocity distributions after magnetic
velocity selection in the deﬂection conﬁguration at diﬀerent
wire currents assuming an undecelerated supersonic beam
of H atoms with an initial velocity distribution centered at
500 m/s. Curves are separately given for non-magnetic parti-
cles (green curve, always zero) and particles in low-ﬁeld-seeking
(lfs, red curves) and high-ﬁeld-seeking quantum states (hfs,
blue curves). The initial velocity distribution is shown for com-
parison (black curve). In the legend, ‘lfs’ (‘hfs’) denotes par-
ticles in low (high)-ﬁeld-seeking quantum states, ‘gas pulse’
stands for particles whose motion is not inﬂuenced by a mag-
netic ﬁeld and ‘initial’ marks the initial velocity distribution.
(b) Normalised number of transmitted H atoms in low-ﬁeld-
seeking states as a function of most probable velocity, |v|m, af-
ter magnetic guiding of a 500 m/s supersonic beam of H atoms
in the two-hexapole (black dots) and deﬂection conﬁguration
(red dots).
with 10% of the particles in low-ﬁeld-seeking quan-
tum states being transmitted. Depending on the current
through the guide, the maximum of the velocity distribu-
tion can then be shifted to higher values (currents with
a positive sign) or lower values (currents with a negative
sign). In addition to that, the number of transmitted car-
rier gas particles and particles in high-ﬁeld-seeking states
is several orders of magnitude lower than the initial num-
ber of particles, thus ensuring high quantum-state selec-
tivity. As shown in Figure 11b, the number of particles
drops oﬀ towards lower velocities, even though most par-
ticles at these velocities are being guided. The Figure also
illustrates that the number of guided particles is very sim-
ilar for the two-hexapole and the deﬂection conﬁguration,
but diﬀerent currents are required to achieve the same
velocity distribution (cf. Sect. 5.1).
The above example illustrates that even undecelerated
supersonic beams of H atoms can be magnetically guided,
and this mode of operation may prove useful for the ini-
tial testing of such a hybrid guide. Likewise, a guide in
this conﬁguration would allow for preliminary collision-
energy dependent ion-atom collision experiments, without
the additional complexity of a Zeeman decelerator. Us-
ing diﬀerent guide geometries (higher remanence for the
Halbach segments, lower bend radii, more guide elements),
the velocity-dependent guiding of numerous other param-
agnetic species would be feasible. The guide could also be
used in combination with buﬀer-gas-cooled sources, simi-
lar to pulsed electric guides [53]. If operated in a pulsed
mode, such a guide also presents an alternative way to
produce a quantum-state-selected supersonic beam with
a narrow kinetic energy distribution.
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7 Conclusions
The particle trajectory simulations with H atoms pre-
sented here demonstrate that a bent hybrid magnet design
can provide a very eﬃcient means to guide a selected el-
ement of the particle velocity distribution, particularly in
the switched mode of operation. In addition to that, it
will ensure a high degree of quantum-state selection and
a nearly complete removal of residual carrier gas, which
is particularly important for a guide at the end of a short
Zeeman decelerator such as in our laboratory.
The deﬂection conﬁguration, when used in the pulsed
mode of operation, gives the best discrimination between
decelerated atoms and other atoms and is also likely to be
easier to set up than the two-hexapole conﬁguration, i.e.,
less ohmic heating and lower mechanical complexity with
regard to misalignment between the wires and the Halbach
array segments. In the case of a two-hexapole guide, the
proposed guide increases the accessible range of transverse
magnetic ﬁeld gradients by a factor of two in compari-
son to a guide design made solely from current-carrying
wires and operated at the same currents. In both deﬂection
and two-hexapole cases, the guiding of a certain velocity
range can be achieved without the application of a current
through the wires, which would also be useful for the ini-
tial characterisation of such an experimental setup. As the
guidable velocity range is determined by the remanence of
the permanent magnet material and the bend radius, the
geometry of a bent hydrid magnetic guide could be tai-
lored to match the requirements for the velocity-selective
guiding of a large number of diﬀerent paramagnetic atoms
and molecules.
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